Objective: The aim was to evaluate the validity of current remission criteria in acromegaly, a random GH level of ,2.5 mg/l, a glucose-suppressed GH level of , 1 mg/l and a normal IGF-I level. Design: In forty-one patients treated for acromegaly (23 males and 18 females, 20-69 years) and 94 healthy subjects (50 males and 44 females, 20-78 years), basal GH and IGF-I levels and nadir GH levels after 75 g oral glucose were evaluated in decade blocks; these were assayed by sensitive immunoradiometric assays. Results: Basal GH levels varied widely from 0.022 to 10.4 in healthy subjects and were .2.5 mg/l in 19%. The mean post-glucose GH nadir was 0.067^0.009 mg/l (range 0.003 -0.4 mg/l) and the upper limit of the GH nadir was 0.26 mg/l (means þ 2 S.D.) in healthy subjects. Thirty-five patients with acromegaly had high-for-age IGF-I levels in relation to our healthy subjects. In this group, 15 (42.9%) patients had basal GH levels of , 2.5 mg/l, 14 (40%) patients had nadir GH levels of , 1 mg/l, and three (8.6%) patients had GH suppression to , 0.26 mg/l which was defined as normal GH suppression in our healthy subjects. Only six patients with acromegaly had normal-forage IGF-I levels and all of these patients had basal GH levels of , 2.5 mg/l and all but one had nadir GH levels of ,0.26 mg/l. Conclusions: A basal or random GH level of ,2.5 mg/l is not a reliable criterion for remission in acromegaly and the currently accepted normal upper limit of 1 mg/l for post-glucose GH suppression is too high. Post-glucose nadir GH levels, measured with sensitive assays, can be , 1.0 mg/l in 40% and basal GH levels can be , 2.5 mg/l in 43% of the active acromegalic patients. IGF-I levels appeared to correlate better with a nadir GH cut-off of 0.26 mg/l rather than 1 mg/l in the determination of disease activity.
Introduction
Acromegaly is a severe slow developing disease caused by growth hormone (GH) hypersecretion resulting almost invariably from a pituitary adenoma (1) . GH-based criteria, random or basal GH values and glucose-suppressed GH levels, and insulin-like growth factor-I (IGF-I) levels are the most widely used biochemical parameters, in contrast to the mean integrated 24-h GH level which is neither practical nor cost-effective, for the diagnosis and follow-up of acromegalic patients (2 -7) . The accepted normal cut-off limits for basal and glucose-suppressed GH levels in both healthy subjects and in patients with acromegaly have changed over the years due to the improved sensitivity and specifity of GH assays as well as the availability of accurate IGF-I measurements (8 -13) . Currently, GH suppression after an oral glucose tolerance test (OGTT) to less than 1 mg/l with sensitive assays and IGF-I levels reduced to the age-adjusted normal range are recommended for the decision of remission, and basal GH values less than 2.5 mg/l have been suggested to be safe biochemical parameters for the control of acromegaly (13 -16) . However, some evidence in healthy subjects and acromegalic patients, using highly sensitive assays, has recently suggested that the cut-off value for the GH nadir after oral glucose administration is much lower than 1.0 mg/l (17 -20) . Thus, there is a need for the re-appraisal of normal GH suppression criteria and revision of the consensus statement. We therefore evaluated basal and glucose-suppressed GH levels in conjunction with IGF-I levels in 94 healthy subjects and 41 patients treated for acromegaly, using sensitive assays, in order to determine the basal and post-glucose nadir GH levels in normal subjects and whether they can be useful in evaluating the disease status of patients with acromegaly.
20 -78 years) who were selected based on their health status. They had no endocrine, renal or hepatic disease, were taking no medications (including oral contraceptives) and were within 10% of ideal body weight. The mean body mass index (BMI) of the healthy subjects was 23.1^0.2 kg/m 2 . Premenopausal women were studied in the early follicular phase of the menstrual cycle (days 1-5).
Treated acromegalic patients
From a cohort of 86 acromegalic patients, who have been followed-up in our outpatient clinics, we studied 41 patients (23 men and 18 women, mean age 46.7^2.1 years; range, 20 -69 years) who had previously been submitted to different treatment modalities (surgery and/or radiotherapy) at various times before the study. Acromegalic patients who had any other endocrine disease, including diabetes mellitus, glucose intolerance and hypopituitarism, and active hepatic or renal disease were not included in the study. Five patients were treated with both surgery and radiotherapy, and two patients were treated only with radiotherapy. All operated patients were studied for at least 6 months after surgery, with a mean period from surgery to evaluation of 6.6 years (range, 6 months to 34 years). Seven patients had undergone radiotherapy from 1 to 9 years before testing. Fourteen patients had been treated with bromocriptine and/or octreotide in the past but neither GH-suppressive medication had been taken for at least 3 months in any of these subjects. The mean BMI of the patients was 30.4^0.8 kg/m 2 .
Study procedures
After an overnight fast for 10 h, all subjects underwent an OGTT. They came to the dynamic test unit at 0730, had an i.v. cannula inserted into a forearm vein, and then remained seated from 0800 h until the end of the test. Blood samples for GH and glucose measurements were collected through the cannula at 2 30 and 0 min and then 30, 60, 90 and 120 min after drinking 75 g glucose in 300 ml lemon-flavoured water. After the separation of serum at each time point, glucose levels were measured and then the serum was frozen at 2 80 8C in multiple aliquots. According to WHO criteria, subjects were considerd to be normal with a basal serum glucose level less than 126 mg/dl and a 2-h post-glucose level less than 200 mg/dl. This protocol was approved by the University Hospital Ethics Committee and informed written consent was obtained from all subjects.
Assays
Plasma glucose concentrations were measured by the glucose oxidase method using an autoanalyzer. GH 
Statistical analysis
The baseline glucose level was defined as the average of plasma glucose levels at two time points before ingestion of glucose, and the peak glucose level was defined as the highest value at any time point after oral glucose administration. The random or basal GH level was defined as the average of GH levels at two time points before ingestion of glucose, and the nadir GH level was defined as the lowest value at any time point after oral glucose administration. The upper limit of the normal nadir GH was defined as the GH value 2 S.D. above the mean nadir of the healthy subjects. Since serum GH levels were not normally distributed, non-parametric tests, Wilcoxon -Mann -Witney tests for comparisons and Spearman correlation tests were used where appropriate for statistical analysis. The relationship between IGF-I and age was compared by regression analysis. Statistical significance was assumed at P , 0.05. The data are expressed as the mean^S.E.
Results

Healthy subjects
There were no significant differences between male and female subjects in basal or post-glucose peak plasma glucose levels. GH levels in 16% of all serum samples were below the sensitivity of the assay and 83% of these were from the nadir GH serum samples. Basal GH values varied widely, from 0.022 to 10.4 mg/l, and the mean value was significantly higher in women than in men (2.02^0.34 vs 0.68^0.18 mg/l, P , 0.001). Basal GH levels were above 2.5 mg/l in 19% (18 of 94) of healthy subjects. In all healthy subjects, the mean decline from basal GH concentrations was 84^4%, and this decrease was significantly greater in women than in men (86^6% vs 82^5%; mean ranks 57.3 vs 38.9, P ¼ 0.001). The mean GH nadir of healthy subjects was 0.067^0.009 mg/l with a range of 0.003 -0.4 mg/l. Female subjects had significantly higher GH nadir values than men (0.087^0.02 vs 0.051^0.01 mg/l, P , 0.05). The upper limit of normal GH nadir values, defined as the value of 2 S.D. above the mean nadir of healthy subjects, was 0.26 mg/l. This value was higher in women than in men (0.31 vs 0.2 mg/l). There were no significant correlations between GH nadir concentrations and peak plasma glucose, BMI or age. However, there was a strong correlation between basal and nadir GH levels (r ¼ 0.613, P , 0.001). Healthy subjects were subgrouped in decades, each including between nine and eleven males and seven and eleven females. Table 1 shows basal GH and IGF-I levels, and nadir GH levels with the upper limit of normal defined by meansþ 2 S.D. in each sex and age group. Basal and nadir GH levels did not show any significant difference between the age groups. This was also true for male and female age groups. Nadir GH levels showed a significant gender difference, higher in females than in males, only in the 20-to 29-year-old age group (P , 0.05, Table 1 ). Six healthy subjects (five female, one male) had nadir GH levels above 0.26 mg/l. Among these, three female subjects were in the third decade and their nadir GH levels were less than the calculated cut-off level for this age group (0.47 mg/l). Another three subjects were in the fifth and sixth decades and had nadir GH levels that were also higher than the calculated cut-off levels for corresponding age groups. The mean IGF-I level in healthy subjects was 220^10 ng/ml (range, 39 -462 ng/ml), and there was no gender difference. IGF-I levels correlated with neither basal nor nadir GH levels but showed strong negative correlation with age (r ¼ 2 0.714, P , 0.001). The equation for the regression line was: IGF-I (ng/ml) ¼ 412 2 4.56 £ age (year). The agedependent reference range (means^2 S.D.) for IGF-I in healthy subjects is shown in Table 2 .
Subjects with acromegaly Table 3 shows the distribution of patients with treated acromegaly based on current and newly proposed GH criteria for remission as a function of IGF-I being normal or high.
Basal GH level as a criterion for acromegaly remission
Based on the basal GH cut-off value of 2.5 mg/l, acromegalic patients were divided into two groups: an active group including those with basal GH levels above 2.5 mg/l and a remission group including those with basal GH levels less than 2.5 mg/l. Basal GH levels were less than 2.5 mg/l in 51% (21 of 41) of all acromegalic patients. Fifteen of these patients (71.4%) had high age-adjusted IGF-I levels in relation to our healthy subjects, and only six (28.6%) had normal IGF-I levels. Of the patients with basal GH levels of less than 2.5 mg/l, only eight (38.1%) had post-glucose nadir GH levels of , 0.26 mg/l and five of these were the ones with normal IGF-I levels.
GH nadir as a criterion for acromegaly remission
Based on the normal post-glucose nadir GH cut-off value of 1 mg/l, all treated acromegalic patients were divided into an active group including those with nadir GH levels above 1 mg/l and a remission group Table 1 Basal GH and nadir GH levels with the upper limit of normal and basal IGF-I levels in each age and sex group of healthy subjects.
Age groups Gender Basal GH (mg/l) including those with nadir GH levels less than 1 mg/l. There were 20 (48.8%) patients in the remission group and 21 (51.3%) patients in the active group. No patient in the active group had normal IGF-I levels and all but two had basal GH levels above 2.5 mg/l. However, in the remission group, 14 (70%) patients had high IGF-I levels and 17 (85%) patients had basal GH levels of less than 2.5 mg/l. When we adopted the GH nadir limit of 0.26 mg/l, derived from our healthy subjects, there were 33 patients (80.5%) in the active group and only eight patients (19.5%) in the remission group. In the active group, 97% (32 of 33) of patients had concordance of nadir GH over 0.26 mg/l with elevated IGF-I levels. All the patients in the remission group had basal GH levels less than 2.5 mg/l and five had normal ageadjusted IGF-I levels while another three had elevated age-adjusted IGF-I levels.
IGF-I level as a criterion for acromegaly remission
All patients with acromegaly were divided into two groups based on their IGF-I levels for age in relation to ranges defined in our healthy subjects. The first group contained the subjects with high-for-age IGF-I levels and the second one contained subjects with normal-for-age IGF-I levels. Table 4 shows basal GH and IGF-I levels and nadir GH levels after OGTT in these two groups of patients and in healthy subjects.
Subjects with acromegaly with elevated IGF-I levels
Thirty-five subjects with acromegaly had elevated IGF-I levels for age. Basal GH levels were less than 2.5 mg/l in 42.9% (15 of 35) of these patients. The GH nadir failed to be suppressed to the normal range, as defined by our healthy subjects, in 32 of these patients. In 40% (14 of 35) of the active group, nadir GH levels were less than 1 mg/l, between 0.15 and 0.99 mg/l, a GH nadir previously considered normal by strict criteria. Three of these 14 patients had normal GH suppression, defined by our healthy subjects, after oral glucose, the nadir GH being 0.15, 0.22 and 0.23 mg/l.
Subjects with acromegaly with normal IGF-I levels
Six patients operated for acromegaly showed normalfor-age IGF-I. All of these patients had basal GH levels less than 2.5 mg/l. The mean nadir GH in this group was significantly lower than that in the high IGF-I group (P , 0.001) and was significantly higher than that in healthy subjects (P , 0.01) ( Table 3) . The nadir GH range in this group was 0.02 -0.3 mg/l, and the majority of subjects (five of six) had nadir GH values that fell within the normal range defined by our healthy subjects (i.e. , 0.26 mg/l). One remaining patient, who had an IGF-I level of 30 ng/ml, had GH suppression to 0.3 mg/l, which was above 0.26 mg/l, but lower than the maximum nadir GH level, which was 0.4 mg/l, observed in our healthy subjects.
There was no gender difference in basal GH, nadir GH and IGF-I levels in acromegalic patients with high IGF-I levels. Basal GH levels correlated significantly with nadir GH levels in all acromegalic patients (r ¼ 0.853, P , 0.001). This was the case for both the high IGF-I group (r ¼ 0.791, P , 0.001) and the normal IGF-I group (r ¼ 0.948, P , 0.01). There were no correlations of basal GH and nadir GH levels with age or BMI in acromegalic subjects. IGF-I levels correlated negatively with age (r ¼ 2 0.333, P ¼ 0.034) but not with BMI in acromegalic subjects. Figure 1 illustrates nadir GH values in the different groups of subjects. In healthy subjects and in patients with normal IGF-I levels, neither basal nor nadir GH levels correlated with IGF-I levels. In patients with high IGF-I levels both basal and nadir GH levels correlated significantly with IGF-I levels (r ¼ 0.397, P ¼ 0.018 and r ¼ 0.450, P ¼ 0.007 respectively).
Discussion
Since even minimal biochemical activity of acromegaly can be associated with the full-blown severe clinical syndrome and, when inadequately treated, persistent excess GH secretion is associated with increased morbidity and mortality, aggressive control of GH and IGF-I levels as tightly as possible is necessary (20 -27) . Residual disease activity is most widely evaluated by biochemical tests; however, the definition of remission for acromegaly is controversial. The issue is whether we should attain normalized GH responses and levels or safe levels. Some define remission as a random GH level less than 2.5 mg/l and an OGTTderived GH level less than 2 mg/l measured by RIA and/or normalization of the IGF-I level, by using the data obtained from epidemiological studies (14, 16, 22 -25) . Most endocrinologists use the biochemical definition of remission in acromegaly as a glucose-suppressed GH level of , 1 mg/l measured with a sensitive assay and a normal age-related IGF-I level (12, 13, 27) . However, studies to date do not provide a robust definition of biochemical remission of the disease based on correlation with the long-term outcome (16) .
In our opinion, basal GH level is not a reliable criterion for the disease activity of acromegaly, since GH secretion is pulsatile and varies over a wide range. In the present study, although a basal GH cut-off value of 2.5 mg/l seems to be a good predictor of high IGF-I level in acromegalic patients, 19% of normal subjects had basal GH level of . 2.5 mg/l and could not be regarded as acromegalic. Furthermore, 43% of acromegalic patients with high IGF-I levels had basal GH values of , 2.5 mg/l and could not be regarded as being in remission. It is obvious that discrepant GH and IGF-I values can be seen in acromegalic patients.
With OGTT, older criteria defined remission in acromegaly as a suppression of GH to less than 2 mg/l as measured by assays with limited sensitivity (8 -10) . With the development of more sensitive GH assays, it has been suggested that GH should be suppressed to less than 1 mg/l after oral glucose for the decision of remission (13) . In the present study, the highest glucose-suppressed GH level measured by a sensitive IRMA was 0.4 mg/l and the calculated nadir GH cutoff value was 0.26 mg/l in all healthy subjects. In the patients with clinically and radiologically active acromegaly, GH was suppressed as low as 0.15 mg/l, in three patients overlapping with the normal range defined in our healthy subjects and, in 40% (14 of 35) of these patients, nadir GH levels were less than 1 mg/l. In the inactive group, all patients but one had a normal GH suppression and, in the patient with an abnormal suppression, the GH nadir was 0.3 mg/l, i.e. over the defined cut-off value (0.26 mg/l) but lower than the maximum value (0.4 mg/l) obtained in our healthy subjects. If we adopt the GH nadir limit of 1 mg/l, the currently accepted criterion, 48.8% of all treated patients (20 of 41) and 40% of the treated acromegalic patients with high IGF-1 levels (14 of 35) would be considered to be in remission. This means that a cut-off of 1 mg/l will fail to identify 40% of patients with active disease. Using a sensitive GH assay, the cut-off of the GH nadir less than 0.26 mg/l is more closely related to normal age-appropriate IGF-I levels and disease activity in treated acromegalic patients. Our findings show that the post-glucose GH nadir is lower than previously believed in healthy subjects and suggest a lower cut-off value.
Recently, with the availability of highly sensitive assays for GH and accurate IGF-I measurements, new cut-off values have also been suggested by others (17 -20) . Previously Hattori et al. (17) reported a median nadir GH level after oral glucose ingestion as 0.15 mg/l (0.047 -1.3 mg/l) in healthy adults, using an enzymeimmunoassay (17) . Later Chapman et al. (18) reported normal GH response to glucose, using an ultrasensitive chemiluminescence assay, as suppression below 0.5 mg/l (means þ 2 S.D.) in healthy individuals. Subsequently, Freda et al. (19) reported an upper Figure 1 Nadir GH values after a 75 g OGTT in healthy subjects (K) and in treated acromegalic patients with a normal IGF-I level (O, remission) and a raised IGF-I level (V, active disease). Note the logarithmic scale for GH.
limit of nadir GH as 0.14 mg/l (means þ 2 S.D.), using a sensitive IRMA, in healthy adults. They also found that, in 50% of the active acromegalic patients with high IGF-I levels, GH was suppressed to less than 1 mg/l, between 0.33 and 1 mg/l. As recently reported by Dimaraki et al. (20) the difficulty is not only in the post-treatment disease activity decision but also in the diagnosis of acromegalics with biochemically mild disease. In their study, they found GH suppression to less than 1 mg/l in 50% of newly diagnosed acromegalic patients who had elevated IGF-I levels. When they used their upper normal limit of 0.21 mg/l they found abnormal GH suppression in all but one patient.
Our findings also suggest a sex difference in the suppression of GH after OGTT in healthy subjects. We found higher basal GH levels and a greater fall in GH from baseline in women than in men. However, when we evaluated GH suppression in different age groups this sex difference was only observed in the third decade. Therefore we suggest that there is no need for separate OGTT criteria for remission in female and male acromegalic patients. Although Chapman et al. (18) previously reported a sex difference, Freda et al. (19, 28) could not find a significant gender difference in the nadir GH levels of healthy subjects.
These earlier results, taken together with ours, suggest that a new cut-off value should be defined. But what should this value be? Very recently, Trainer (29) initiated a debate on this topic and proposed 0.3 mg/l as the cut-off value for the diagnosis and post-treatment remission decision in acromegaly based on data obtained from Freda et al. (28) and Dimaraki et al. (20) . Then Freda (30) also proposed the same cut-off value. The present study showed that 95% of healthy subjects will have nadir GH levels less than 0.26 mg/l and IGF-I levels seem to correlate better with the nadir GH cut-off value of 0.26 mg/l than 1 mg/l in the determination of the disease activity of acromegaly. On the other hand, a minority of healthy subjects can have nadir GH levels up to 0.4 mg/l and, despite a normal GH suppression, some patients can still have elevated IGF-I levels. Therefore, the results should always be evaluated in conjunction with ageadjusted IGF-I levels. But it should also be kept in mind that age-related normal IGF-I levels vary considerably and in fact there are no standard reference ranges. Patients with high-for-age IGF-I levels but with normal glucose-suppressed GH levels should be followed more closely.
In conclusion, our data indicated that currently used criteria for remission including basal GH levels of less than 2.5 mg/l and a normal upper limit of 1 mg/l for GH after oral glucose do not discriminate between active and inactive patients with acromegaly. If the goal of the treatment is the normalization of GH and/or IGF-I levels, one should decide what the normal is. It seems that the accepted GH suppression levels after oral glucose are much higher than they should be, but this must be confirmed. On the other hand, it should be kept in mind that any desire to adopt aggressive GH and IGF-I criteria for remission may increase the risk of associated hypopituitarism and mortality per se. It seems that new epidemiologic mortality studies, using new criteria proposed by the present and previous studies, are needed for defining the safe cut-off values.
